1.. INTRODUCTION {#S1}
================

Classical swine fever virus (CSFV) is a *Pestivirus,* member of the *Flaviviridae* family. It is an enveloped virus with a 12.5-kb positive polarity single-stranded RNA genome. CSFV is the causal agent of a highly contagious disease in swine that leads to important economic losses worldwide. The severity of clinical signs varies according to host parameters such as age, breed or health status, but is also largely dependent on the virulence of the viral strains \[[@R29]\]. Highly virulent strains cause an acute haemorrhagic form of the disease that induces high mortality (more than 98% in piglets), whereas moderately virulent strains induce either a sub-acute or a chronic form of the disease giving pigs a chance to recover. Infection with low virulent strains results in either very mild or a total absence of clinical signs.

Complete genome sequences are available for a few CSFV strains and many studies have attempted to explain virulence in terms of genetic differences between CSFV strains: a poly-U insertion is only found in the 3′NTR region of avirulent strains \[[@R47]\], mutation in genes or their deletion (E1, E2, Erns or Npro) in highly virulent strains attenuates disease expression in swine \[[@R25], [@R32], [@R35]\]. However, back experiments failed to restore virulence in avirulent strains \[[@R31]\].

The earliest detectable event following CSFV infection, prior to viraemia has even been established, is a decrease in the number of circulating leukocytes \[[@R40]\]. This occurs irrespective of strain virulence whereas the time-course and intensity of leukocyte depletion vary according to strain virulence. The term leukopenia (white blood cell count less than 7 × 10^6^ cells/mL) can be applied to infections with highly and moderately virulent CSFV strains. The mechanism of CSFV-induced immune cell depletion is still not fully understood but in peripheral blood and lymph nodes, it is attributed to cell death via the induction of apoptosis in the most depleted cells, i.e., the lymphocytes \[[@R6], [@R39], [@R40]\].

This apoptosis of the lymphocytes is not a direct consequence of the presence of virus or viral proteins in these cells as the main target cells to be infected by the virus in vivo are not lymphocytes but monocytes-macrophages \[[@R22]\]. This was clearly shown in an in situ double-staining experiment to detect CSFV and apoptosis which showed that most CSFV-positive cells were negative for apoptosis in the lymph nodes and vice versa \[[@R6]\]. In contrast*,* the in vitro infection of lymphocytes does not induce any cytopathogenic effects and therefore does not provoke any cell death \[[@R39]\]. Furthermore, in vitro studies showed that CSFV-infected cells prevent their type I interferon (IFN)-mediated suicide by interfering with IFN production \[[@R3]\]. In vivo, monocytes-macrophages, as well as plasmacytoid dendritic cells, are suspected to have a role in this indirect induction of apoptosis because of their enhanced release of proinflammatory cytokines, that unbalance the homeostasis of the cellular environment \[[@R13], [@R36], [@R41]\].

The interactions of two strains of CSFV with the immune cells were therefore studied in vivo in order to better understand the differential pathogenic effects observed with different CSFV strains and to try to identify some of the pathogenic mechanisms. We chose to work on peripheral blood mononuclear cells (PBMC) which give us access to the main infected cell population (monocytes) and the main affected cell population (lymphocytes) without killing the animals. This strategy allowed us to perform a 3 days kinetic study using a limited number of animals. Furthermore, blood sampling on the same animals at day 0 (prior infection) were used as controls to determine the baseline expression level for microarray analysis. The transcriptomic modulations induced in pigs in relation to the virulence of the CSFV strain were deciphered by comparative microarray analysis.

2.. MATERIALS AND METHODS {#S2}
=========================

2.1.. Virus and animal infections {#S3}
---------------------------------

Two CSFV strains of different virulence were used in the experiments. The highly virulent Eystrup strain was kindly provided by Dr A. Summerfield (Institute of Virology and Immunoprophylaxis, Mittelhäusern, Switzerland) and the moderately virulent Paderborn strain was kindly provided by Prof. V. Moennig (EU CSF reference laboratory, Hanover, Germany).

Two groups of eight seven-week-old, specific-pathogen-free Large White pigs, from our protected facilities, were oronasally infected with 10^6^ TCID~50~ of either the Eystrup or Paderborn strain. The dose administered was confirmed by back titration of the inocula by propagation on porcine kidney cell line PK15.

Experiments were performed in accordance with the animal welfare experimentation agreement granted by the Direction des Services Vétérinaires des Côtes d'Armor (AFSSA registration number B-22-745-1), under the responsibility of Marie-Frédérique Le Potier (agreement number 22-17).

2.2.. Sample collection and treatments {#S4}
--------------------------------------

Blood samples were collected on heparin and EDTA before infection on day 0 (D0) then on day 1 (D1), day 2 (D2) and day 3 (D3) post-infection (pi). PBMC were isolated from heparinized blood by Ficoll density gradient centrifugation (Eurobio, Les Ulis, France). Purified PBMC were then washed with PBS and kept frozen in Trizol reagent (Invitrogen Life Technologies Inc., Carlsbad, CA, USA) until RNA extraction.

Serum samples were purified from coagulated blood samples by centrifugation at 3 000 *g* for 5 min before being frozen at --20 °C.

2.3.. CSFV infection assessment on whole blood {#S5}
----------------------------------------------

Lymphocyte counts were obtained from EDTA blood with a MS9 hematology analyzer (Melet Schloesing laboratoires, Osny, France).

The RNeasy mini kit (Qiagen, Courtaboeuf, France) was used for total RNA extraction from EDTA blood and CSFV genome detection was performed by real-time one-step RT-PCR using the Adiavet CSF kit (Adiagene, Saint-Brieuc, France) according to the manufacturer's instructions. Viral genome quantifications were determined using a standardized RNA kindly provided by Béatrice Blanchard (Adiagene).

2.4.. Microarray analysis {#S6}
-------------------------

Total RNA was extracted by a standard Trizol RNA extraction protocol and assessed for quality and quantity with the Agilent 2100 Bioanalyzer. Half the RNA samples obtained from each pig on D0 were pooled to constitute the uninfected pig reference. RNA were converted to aminoallyl-RNA (aRNA) and either Cy3- or Cy5-labelled using the Amino Allyl Message Amp aRNA kit (Ambion) and CyDye (Cy3/Cy5) Reactive Dye Pack (Amersham). Each Cy3- (or Cy5-) coupled sample from infected pigs was then hybridized with a Cy5- (or Cy3-) coupled reference sample on a pig microarray slide containing 20 400 oligonucleotides from the US Pig Genome Coordination Program[1](#FN2){ref-type="fn"}. Hybridizations were performed overnight at 42 °C in ArrayIt hybridization chambers (Telechem, Sunnyvale, CA, USA). Microarrays were scanned using a Genepix 4000A scanner with the GenePix Pro 5.0 data acquisition and analysis software (Axon Instruments, Union City, CA, USA).

The GenePix output data were subjected to the Micro-Array Data Suite of Computed Analysis (MADSCAN) for normalization \[[@R19]\]. Variant genes were identified by applying the significance analysis of microarray (SAM) software with a false discovery rate set below 3% \[[@R45]\]. We first visualized genes that were differentially expressed in the infected in relation to the uninfected reference by SAM one-class analysis for each day in the infection time-course. We then chose a SAM two-class data method of analysis to pick out genes for which the mean expression levels in the Eystrup-infected pig samples were significantly different from those found in the Paderborn samples. The obtained sets of genes were characterized according to the Gene Ontology annotations performed with the Ingenuity Pathway Analysis 6 software[2](#FN3){ref-type="fn"} (Ingenuity Systems Inc., Redwood City, CA, USA). Due to the incomplete annotation of the pig genome this final analysis was performed by homology with human, mouse or rat genes.

2.5.. Real-time RT-PCR assays {#S7}
-----------------------------

Real-time RT-PCR (rRT-PCR) were performed on the same RNA samples as those used for microarray, to validate the microarray results on a limited number of selected genes (see [Tab. I](#T1){ref-type="table"}). rRT-PCR were run for each pig on each day before and after infection, using 5 ng of total RNA in a one-step Brilliant II SYBR GREEN qRT-PCR master mix (Agilent Technologies Inc., Palo Alto, CA, USA) with 0.2 μM of each primer. Each amplification reaction was performed at least in duplicate with the Chromo4 BIO-RAD real-time PCR system at the annealing temperature of 60 °C. Primer specificity was checked by melting curve analysis. Beta-Actin (ACTb) was used as endogenous control to normalize the quantification of target genes. The relative amounts of all assessed genes were calculated using the *R* = 2^--ΔΔCT^ equation \[[@R23]\] with D0 as the relative reference. To compare microarray results with RT-PCR ones, we expressed data in Log~2~ ratio.Table I.Primer sequences used for real-time RT-PCR assays.Gene nameForward primer sequenceReverse primer sequenceAmplicon length (bp)GenBank accession numberACTbCACGCCATCCTGCGTCTGGAAGCACCGTGTTGGCGTAGAG380DQ845171CASP4CAGCAACCTTGGCAGACAGCGAACCCTTTGTGACATCTCTCCAG145AK231138DR4TCGGTATGGACGCCTGAGTCGATCGCCAGAAAAGGACCTTG56XM_001926723FASCATCGTGAGGGTCAATTCTGCCATGTTTCCGTTTGCCAGG55NM_213839FASLAAGAAGAAGAGGGACCACAATGCTTTGGCTGGCAGACTCTCT149AY033634IFI16ACACTGACCGAAAGATGGAGATCGCACCAGATACATCCCACTCAC122XM_001929212IFIH1GTAGAATTACCCATCACATTTCCCCAAAATCCTATGAAAGGTCAAGTTG125NM_001100194IFNaTCAGCACAGAGGGCTCGGTGCATGACACAGGCTTCCAG103AY687280NMIGGCCAAGCCGGTTTCATTAAAGCCGGGCCTGCCTGTCATAC196AK234080OAS1TCCACTCCCCTCCCGACTCGGCTTCCTTGACCTGTGTTCG133NM_214303TNFaTGGCCCAAGGACTCAGATCATTCGGCTTTGACATTGGCTACA76EU682384TRAILGGAACGGTTTCTACAGAAGGGAACTCAGCAGTATAGGGTCAGGATAGC94NM_001024696XAF1AATGGATTTCCCCTTCCTTCGGCGCCCTGAGCTTGCCATC102AK232641

2.6.. Cytokines detection in serum {#S8}
----------------------------------

Interferon alpha (IFNa) was detected by ELISA as previously described \[[@R12]\], using a porcine recombinant IFNa with specific activity of 3.8 × 10^7^ units (U)/mg (R&D Systems Inc., Minneapolis, MN, USA). Tumor necrosis factor alpha (TNFa) was detected using a commercial ELISA kit from Biosource (Camarillo, CA, USA). The results obtained with samples collected post-infection were expressed in relation to their respective D0 values.

2.7.. Statistical analysis {#S9}
--------------------------

The variations between strains for the lymphocyte counts, PCR and ELISA tests, were analyzed either by comparing data obtained with Eystrup infection, with data obtained with Paderborn infection using a Two-sample Student's *t*-test, or by comparing the variations within each strain sample with their respective D0-value, using a Paired Two-sample Student's *t*-test. These tests were performed using Systat 9 software (Systat Software, Inc., Point Richmond, CA, USA), with a limit of significance of *p \<* 0.05 (indicated by \*) or *p* \< 0.01 (indicated by \*\*). The error bars on the graphs are Standard Error (SE) bars.

3.. RESULTS {#S10}
===========

3.1.. Host response to the moderately virulent CSFV strain, in comparison to the highly virulent strain, is delayed {#S11}
-------------------------------------------------------------------------------------------------------------------

To correlate the physiologic and virologic events, transcriptomic modulations and virulence of the CSFV strains, the lymphocyte depletion was measured and the viral RNA was quantified in blood. A dramatic and regular decrease in the number of lymphocytes was observed from D1 pi with the Eystrup strain whereas it was delayed by one day with the Paderborn strain ([Fig. 1A](#F1){ref-type="fig"}). The differences in the kinetics and severity of CSFV-induced lymphopenia between Eystrup- and Paderborn-infected pigs were statistically validated. The detection of viral genome started from D1 with Eystrup, from D2 with Paderborn ([Fig. 1B](#F1){ref-type="fig"}). Viraemia was detected from D2 with Eystrup, from D3 with Paderborn (data not shown).Figure 1.Blood lymphocyte counts (A) and virus genome quantification (B) for the time-course after CSFV infection. Results correspond to mean (± SE) results obtained for 8 pigs infected by Eystrup or 8 pigs infected by Paderborn. \* *p* \< 0.05 and \*\* *p* \< 0.01 either compared each post-infection value with the respective D0 value using Paired Two-sample Student's *t*-test, or the Eystrup values with Paderborn values using Two-sample Student's *t*-test at each infection time-point.

Microarray data set was analyzed using first a one-class SAM analysis of gene expression in PBMC isolated from infected in relation to non-infected pigs revealed a mild and delayed response to Paderborn infection and limited homology with the response to the Eystrup strain (cf. online Supplementary [Figs. S1](#SD2){ref-type="supplementary-material"} and [S2](#SD2){ref-type="supplementary-material"}, and [Tabs. SI](#SD1){ref-type="supplementary-material"} and [SII](#SD1){ref-type="supplementary-material"} available at [www.vetres.org](http://www.vetres.org).).

A two-class SAM analysis was then performed to better assess the differences between our two infection models. A list of 292 genes for which the modulations in expression between Eystrup and Paderborn infections were different, was obtained from the 3 day-experiment (cf. online Supplementary [Tab. SIII](#SD1){ref-type="supplementary-material"} available at [www.vetres.org](http://www.vetres.org)). On day 1, 181 genes exhibited differential expression between the strains, 44 on D2 and 79 on D3 ([Fig. 2](#F2){ref-type="fig"}). Among the genes modulated on D1, 169 were up-regulated by Eystrup in relation to Paderborn-induced expression and 12 down-regulated. Thus the modulation of response to infection was more immediate and dramatic with Eystrup than with Paderborn.Figure 2.Two-class analysis SAM-plot of genes differently modulated by Eystrup in relation to Paderborn over 3 days post-infection. A two-class SAM analysis of microarray data was performed each day post-infection with the false discovery rate set at below 3%. In this analysis, gene expression in the 8 Eystrup samples was compared with gene expression in the 8 Paderborn samples. The *x*-axis values denote expected expression; *y*-axis values, observed expression; parallel transverse lines, threshold lines indicating a false discovery rate of \< 3%. Red dots correspond to genes up-regulated by Eystrup in relation to Paderborn; black dots, invariant genes and green dots, down-regulated genes. (A color version of this figure is available online at [www.vetres.org](http://www.vetres.org).)

3.2.. Differential induction of IFN stimulated genes according to CSFV strains {#S12}
------------------------------------------------------------------------------

The ontological analysis of the variant genes made apparent that "Cell Death" (16%) and "Immune Response" (12%) were the main two biological functions that were differently regulated between strains ([Fig. 3](#F3){ref-type="fig"}).Figure 3.Distribution of genes differentially modulated by Eystrup in relation to Paderborn in biological function. Differently modulated genes between Eystrup and Paderborn infections obtained by the two-class SAM analysis over the 3 days post-infection were organized according to their biological processes annotation with the Ingenuity Analysis Pathway software. The 20 most important biological functions are shown. Percentages refer to the number of genes included in one function related to the remaining others. (A color version of this figure is available online at [www.vetres.org](http://www.vetres.org).)

As given biological function can result from numerous types of cell signaling, we realized a second Ingenuity analysis that displayed that the main differentially modulated pathways were "Interferon Signaling" and the "Protein Ubiquitination Pathway". For these two pathways, *p*-values were very significant (*p* \< 0.0001) but the IFN pathway was the only one with both high significant *p*-value and high ratio ([Fig. 4](#F4){ref-type="fig"}). Further investigation of these IFN signaling genes revealed that most of them were classified as "IFN stimulating genes" (ISG) and mainly corresponded to effectors of the IFN response. The variations of these ISG were highly pronounced with almost half displaying a Log~2~ ratio \> 1.000 and 4 with a Log~2~ ratio \> 2.000 ([Tab. II](#T2){ref-type="table"}). Up-regulation of these genes was immediate and massive for the 3 days following infection with the Eystrup strain, but was only apparent from the second day onwards for Paderborn.Figure 4.Signaling pathways distribution of genes differentially modulated by Eystrup in relation to Paderborn. Genes revealed by two-class SAM analysis over the 3 days post-infection were organized with the Ingenuity Pathway Analysis software according to the pathway in which they are involved in the current data base of this software, and classified according to the calculated --Log(*p*-values). The significance of the association between the data set and the signaling pathway was measured in two ways: ratio and *p*-value. Ratios refer to the proportion of variant genes from a pathway related to the number of genes included in the software database for this same pathway. The *p*-value, calculated using a right-tailed Fisher's exact test, corresponds to the probability that the association between a set of focus genes and a given pathway is not due to random chance. The threshold corresponds to a limit of significance set by the software (*p* \< 0.05). The first nine networks are shown. Table II.Changes in expression levels of ISG differently regulated after infection with the Eystrup strain of CSFV. The ISG listed were found differently regulated between the two CSFV strains. Eystrup (E) and Paderborn (P) gene expression values correspond to the mean Log~2~ ratio related to the non-infected reference. Bold data are two-class SAM significant.Gene nameGenBank accession numberLog~2~ ratioD1D2D3EPEPEPCell death/apotosisIFIH1NM_001100194**1.6300.126**2.3041.6581.9931.545XAF1AK232641**1.0580.244**2.1831.3151.6961.485OAS1NM_214303**1.0800.238**2.1061.4711.8241.608IFI44AK233687**1.2430.197**1.4431.1260.9640.446NMIAK234080**0.900−0.115**1.3780.7461.0650.661CASP4AK231138**0.726−0.028**1.1660.6841.0600.522CASP1NM_214162**0.9480.206**0.8040.9151.0200.678USP18NM_213826**0.8510.021**0.6490.7120.7810.535IFI16XM_001929212**0.530−0.052**0.6320.4510.4810.228IRF7NM_001097428**0.4770.081**0.4780.5030.5720.305POMPAK240274**0.178−0.301**0.3930.1880.3430.170CD47NM_001025079**0.730−0.041**0.2390.4430.6010.345ETS1NM_005238**−0.1810.344**−0.306−0.063−0.079−0.254Antiviral responseISG20NM_001005351**1.3220.192**2.8691.4882.0491.662GBP2NM_001128474**1.4030.089**1.1801.0451.0050.744GBP1NM_001128473**1.3580.405**0.5810.4620.9060.577CCL5NM_001129946−**1.265**−**0.289**−1.169−0.916−0.525−0.688Mobility/adhesionSELLNM_0011126780.3360.1910.1680.186**0.4710.038**CD9NM_214006−0.1620.145**−0.3980.110**−0.261−0.296VIMAY368193−**0.3610.309−0.690−0.098**−0.869−0.414SignalingSTAT2NM_213889**1.0500.200**0.9050.7830.9100.584JAK2NM_214113**0.553**−**0.018**0.0390.0920.4810.161NCF2NM_001123142**0.359**−**0.107**0.2110.2910.4950.128Antigen presentationTAP2DQ227991**0.4700.008**0.4960.3210.4430.246SLA-DMbNM_0011137070.1950.183**−0.3910.170**−0.257−0.075SLA-DRaNM_001113706−0.0950.137**−0.3450.085**−0.486−0.211Protein translationWARSEU715029**0.2760.014**0.2210.1990.0350.104EIF2S2XM_001929150**0.148**−**0.255**0.035−0.0010.064−0.078Inflammatory responseAIF1XM_001928769**0.425**−**0.084**0.0640.3510.1880.151Lymphocyte activationCD69AF4842330.7100.279−0.0300.012**0.605−0.423**UnknownIFIT3XM_001928703**1.6630.370**2.7232.0452.4591.779

3.3.. The highly virulent CSFV strain induces immediate and strong overexpression of the ISG involved in cell death or apoptosis processes {#S13}
------------------------------------------------------------------------------------------------------------------------------------------

Almost 50% of the ISG highlighted by the microarray were assigned a role in apoptosis or, more generally, in cell death induction and were qualified as "Cell death/apoptosis-related ISG" \[[@R5], [@R21]\]. We therefore focused on these genes to investigate if they might be responsible for the apoptosis induced in lymphocytes during CSFV infection. All 6 cell death/apoptosis-related ISG assessed by rRT-PCR were up-regulated from D1 to D3 pi with Eystrup and from D2 to D3 pi with Paderborn ([Fig. 5](#F5){ref-type="fig"}). Significant differences between the two strains for all 6 genes were confirmed on D1 pi with higher Log~2~ ratios for Eystrup than for Paderborn. Therefore comparison of the microarray and rRT-PCR results confirmed the expression profiles. Thus, expression of the effector genes of the IFN response was considerably activated in pig PBMC after an in vivo CSFV infection. The level of activation was positively correlated with strain virulence.Figure 5.Real-time PCR validation of the microarray data, performed for 6 selected genes differently modulated by the Eystrup strain in relation to the Paderborn strain. The microarray results for Interferon induced with helicase C domain protein 1 (IFIH1) (A), Interferon gamma inducible protein 16 (IFI16) (B), X-linked inhibitor of apoptosis (XIAP) associated factor 1 (XAF1) (C), N-Myc interactor (NMI) (D), 2′,5′ oligoadenylate synthetase 1 (OAS1) (E) and Caspase-4 (CASP4) (F) are presented on A1-F1 whereas the RT-PCR results are presented on A2-F2. The microarray values are the mean (± SE) of relative gene expression (Log~2~ ratios) obtained for each post-infection value in relation to the non-infected reference. The presented PCR values are relative expressions calculated from the CT results on D1, D2 and D3 pi and related to D0, as described in Materials and methods. They correspond to the mean (± SE) of the results obtained for the 8 pigs infected by Eystrup or the 8 pigs infected by Paderborn. \* *p* \< 0.05 and \*\* *p* \< 0.01 compared Eystrup values with Paderborn values using Two-sample Student's *t*-test at each infection time-point.

3.4.. ISG expression in PBMC is associated with a high serum level of IFNa {#S14}
--------------------------------------------------------------------------

We then looked for an IFNa expression, the main antiviral IFN, in PBMC, that could be the origin of the cell death-related ISG up-regulations ([Fig. 6A](#F6){ref-type="fig"}). A significant down-regulation was observed, compared to the basal expression level obtained in PBMC on D0, as early as D1 after the infection of pigs with the Eystrup strain, but only after D2 with the Paderborn strain. Down-regulation did not differ significantly between Eystrup and Paderborn during the 3 days post-infection.Figure 6.IFNa expression and production modulations in PBMC and sera induced by CSFV infection during the post-infection time-course. (A) IFNa expression assessed in PBMC by real-time RT-PCR. The presented values are the relative expression (Log~2~ Ratios) calculated from the CT results on D1, D2 and D3 pi in relation to D0 as described in Materials and methods. (B) IFNa levels in serum quantified by ELISA. The values are presented in relation to the levels quantified before infection. All data correspond to the mean (± SE) of results obtained for the 8 pigs infected by Eystrup or the 8 pigs infected by Paderborn. \* *p* \< 0.05 and \*\* *p* \< 0.01 either compared each post-infection value with the respective D0 value using Paired Two-sample Student's *t*-test, or Eystrup values with Paderborn values using Two-sample Student's *t*-test at each infection time-point.

High levels of IFNa production during CSFV infection have however been previously described \[[@R13], [@R41]\], so we then looked for the secreted protein and its presence was confirmed in Eystrup-infected pig sera as early as day 1 post-infection ([Fig. 6B](#F6){ref-type="fig"}). In pig sera infected with Paderborn, IFNa was detected only from D2, reaching on D3 a concentration seven times lower than with Eystrup ([Fig. 6B](#F6){ref-type="fig"}). The serum IFNa concentrations for Eystrup and Paderborn differed significantly throughout the kinetics of infection and a one-day delay in IFNa detection was observed with Paderborn sera. Thus, the observed up-regulation of ISG could result from stimulation by the IFNa present in the environment of PBMC without an autocrine stimulation of these cells.

3.5.. Different modulation of the death receptors-mediated apoptotic pathways according to CSFV virulence {#S15}
---------------------------------------------------------------------------------------------------------

An apoptotic pathway mediated by death receptors has already been suggested to induce apoptosis during CSFV infections \[[@R6], [@R39]\]. We therefore investigated the expression levels of the death receptors DR4 and FAS, and of their respective ligands Tumor necrosis factor related apoptosis inducing ligand (TRAIL) and Fas ligand (FASL). Although no significant variation for the TNFR1, the third type of death receptors (data not shown), was observed in our microarray results, we also included a detection of its ligand TNFa to complete the data.

The TRAIL-DR4 pathway showed a significant up-regulation of TRAIL by both CSFV strains over the 3 days of infection. Up-regulation with Eystrup was immediate and massive with the highest Log~2~ ratio obtained as early as D1. With Paderborn, the relative expression level rose slowly starting from a ratio of 0.89 on D1, reaching a ratio similar to that of Eystrup only on D3 ([Fig. 7A](#F7){ref-type="fig"}). For DR4, the results showed an inverse regulation related to the CSFV strain with Eystrup displaying an immediate slight up-regulation on D1. Although non-significant, this up-regulation seems to try to be maintained on D2 and D3. Conversely Paderborn showed no variation in DR4 expression on D1 but a slight and progressive down-regulation from D2 to D3. Although this variation was small, the opposite regulation of DR4 by Eystrup and Paderborn strains was statistically significant ([Fig. 7B](#F7){ref-type="fig"}).Figure 7.Variation in the expression level of death receptors and their ligands induced by CSFV infection. The expression of death receptors and their ligands was evaluated either at the RNA level (A--E) or at the protein level (F). (A--E) Expression modulations induced in PBMC by Eystrup and Paderborn strain infection were assessed by real-time RT-PCR. (A), (B) and (C) for the death receptor ligands: TRAIL, FASL and TNFa and (D) and (E) for their respective receptors: DR4 and FAS. The presented PCR values are the Log~2~ Ratios calculated from the CT results on D1, D2 and D3 pi and related to D0 as described in Materials and methods. (F) TNFa levels in serum were quantified by ELISA. Values are presented in relation to the levels quantified before infection. All data correspond to the mean (± SE) of results obtained for the 8 pigs infected by Eystrup or the 8 pigs infected by Paderborn. \* *p* \< 0.05 and \*\* *p* \< 0.01 either compared each post-infection value with the respective D0 value using Paired Two-sample Student's *t*-test, or Eystrup values with Paderborn values using Two-sample Student's *t*-test at each infection time-point.

The ligand of the FASL-FAS pathway was also inversely regulated. This was only statistically validated on D2 post-infection although the trend was discernible on D1 ([Fig. 7C](#F7){ref-type="fig"}). A similar modulation profile to that of TRAIL was observed for FAS, the up-regulation with Eystrup being observed as early as D1, but only significant from D2 onwards with Paderborn. However, the extent of modulation was much less pronounced for FAS than for TRAIL (FAS max Log~2~ ratio = 1.06 for Eystrup on D1 and 0.49 for Paderborn on D2) ([Fig. 7D](#F7){ref-type="fig"}).

Concerning the TNFa-TNFR1 pathway, TNFa expression in the PBMC was enhanced higher and faster with Eystrup whereas no significant modulation of TNFa expression was observed over the 3 days of infection with Paderborn ([Fig. 7E](#F7){ref-type="fig"}). These results were confirmed at the protein level ([Fig. 7F](#F7){ref-type="fig"}).

Thus, TRAIL and FAS which are identified as ISG, displayed a similar modulation profile to the other cell death/apoptosis ISG revealed by microarray analysis. By contrast, the expression profile for non-ISG death receptors and ligands was different and the ISG and non-ISG could therefore be distinguished in relation to the modulations induced by the two CSFV strains, within the same route of death receptor-mediated apoptosis.

4.. DISCUSSION {#S16}
==============

Due to the difficulties of reproducing in vitro some of the CSFV infection specificities observed in vivo such as the death of lymphocytes, the virus-host interactions in this study were investigated by transcriptomic analysis of PBMC isolated from pigs, infected either by the highly virulent Eystrup or the moderately virulent Paderborn strain of CSFV. The microarray results revealed that, despite a very strong host response toward Eystrup infection, with a large number of modulated genes and a limited number of genes in common with Paderborn infection, one of the main differences between the strains concerned the kinetics of the host response to the infection. The highly virulent Eystrup strain induced a strong and immediate host response whereas the moderately virulent Paderborn strain triggered a more progressive host response, one day later. Comparison of the host responses to Eystrup and Paderborn infections revealed that "immune response" and "cell death" were the main biological processes that were differently modulated between CSFV strains. Further analysis revealed that the IFN signaling was the main signaling pathway that differed between Eystrup and Paderborn. Several genes identified as IFN-stimulated genes and effectors of the IFN response were confirmed by rRT-PCR to be differently modulated between both strains.

The type I IFN response is usually associated with the host's antiviral defenses but many viruses evade this defense by interfering either with its induction or its downstream effectors \[[@R8]\]. Silencing of type I IFN expression in in vitro CSFV-infected cells has been associated with the viral protein Npro which targets the proteasomal degradation of IRF3, an important inducer of type I IFN expression \[[@R2], [@R33]\]. However, a recent study has shown that impairment of the CSFV-induced IFN repression by Npro does not affect CSFV virulence in vivo, which indicates that the observed difference in virulence expression between CSFV strains is not dependent on their ability to use this virus protection mechanism \[[@R34]\]. No modulations of ISG, due to the silencing of type I IFN expression in infected cells, were revealed in vitro by either transcriptomic analyses in infected macrophages \[[@R4], [@R49]\] or proteomic analysis of infected PK15 \[[@R42]\]. However these ISG remained inducible in vitro following rIFNa treatment, demonstrating that CSFV does not target downstream effectors of the IFN response \[[@R37]\].

In our in vivo experiment, we demonstrated a strong up-regulation of ISG in PBMC and a down-regulation of IFNa in these same cells. However, very high levels of IFNa were detected in the sera from infected pigs, especially those infected with the highly virulent CSFV strain, as shown in previous studies \[[@R13], [@R41]\]. This IFNa serum production was correlated to viral RNA detection in blood and with ISG up-regulation (our results). In vivo, it has been shown that plasmacytoid dendritic cells (pDC) produce huge amounts of IFNa during CSFV infection \[[@R13]\] but that the number of circulating pDC decreases \[[@R41]\] and this could explain the IFNa reduced expression found in our PBMC. Summerfield and collaborators demonstrated a strong correlation between lymphopenia and the IFNa levels in sera from CSFV-infected pigs \[[@R41]\]. Our results confirm and extend this correlation to the up-regulation of ISG for both CSFV strains. Furthermore, the ISG involved in the cell death/apoptosis process are the ones most differently regulated between Eystrup and Paderborn, this difference in regulation matching the observed onset of lymphopenia with the two strains. Hence, the hypothesis established by Summerfield et al. in 2006 \[[@R41]\], then followed by Jamin et al. \[[@R13]\] and McCullough et al. \[[@R26]\], that type I IFN mediates CSFV-induced lymphopenia, is reinforced by our results and turned toward an apoptotic process as the most probable mechanism.

Type I IFN is known to promote the induction of apoptosis in infected cells \[[@R43]\], however IFNa has also been reported to induce death in various non-infected cells \[[@R14], [@R44]\]. For instance, the culture of a human lymphoma cell line with 250 U/mL of IFNa induces 40% of apoptosis after 48 h and 80% of apoptosis after 72 h \[[@R48]\]. During CSFV infection, it is well established that virus-induced apoptosis mainly occur in non-infected cells by an indirect mechanism also known as "bystander apoptosis" \[[@R6], [@R40]\].

This study sheds light on the CSFV-induced apoptosis in lymphocytes by identifying numerous up-regulated ISG, including the death ligand TRAIL and death receptor FAS, both involved in death receptors-mediated apoptosis pathways. An increase in FAS at the surface of lymphocytes isolated from CSFV-infected pigs has previously been described \[[@R39]\], suggesting that the FASL-FAS pathway is a mediator of CSFV-induced apoptosis and that this pathway could be a mechanism leading to bystander apoptosis \[[@R1]\]. In this study we confirmed the up-regulated expression of the ISG FAS in PBMC after CSFV infection of pigs and correlated this up-regulation at the onset of lymphopenia with the observed time lag between Eystrup and Paderborn. Interestingly, the expression of FASL also showed an opposite regulation between Eystrup and Paderborn, suggesting reduced possibilities of activation for this pathway during Paderborn's infection. A type I IFN-mediated induction of apoptosis, independent of FASL-FAS, has already been described by McNally et al. in bystander CD8 T cells during T-cell response to some virus infections \[[@R27]\].

TRAIL-DR4 is another death receptor-mediated apoptotic pathway that has not been described with CSFV infection before. Our results suggest that due to the large and rapid up-regulation of TRAIL, this pathway could be of major significance in the induction of apoptosis. Several arguments corroborate this hypothesis. Some studies have shown that IFN-mediated apoptosis via TRAIL can occur in non-infected cells \[[@R30], [@R48]\]. During HIV-1 infection, the virus stimulates pDC to produce type I IFN and an up-regulation of TRAIL is observed in CD4+ T cells from infected patients, suggesting a cooperative role of pDC, IFNa and TRAIL in HIV-1 pathogenesis \[[@R10]\]. Similarly to CSFV, a study with the Ebola Virus, which also induces bystander killing lymphopenia, showed that a high proportion of cells expressed TRAIL rather than FAS and FASL suggesting that the TRAIL pathway could be preferentially involved during Ebola-induced lymphocyte cell death \[[@R9]\]. Lastly, X-linked inhibitor of apoptosis (XIAP) associated factor 1 (XAF1), shown by our results to be up-regulated during CSFV infection, is a crucial "cell death/apoptosis-related ISG" mediator of IFN-induced apoptosis via TRAIL \[[@R20], [@R28]\].

Interestingly, the expression of DR4, as for FASL, showed an opposite regulation between strains i.e., up-regulated by the highly virulent CSFV strain but down-regulated by the moderately virulent one. A resistance to TRAIL-induced apoptosis, due to a reduced expression of DR4, has been demonstrated in both normal and cancerous cells \[[@R17], [@R18]\]. The down-regulation of DR4 observed with the Paderborn infection, might result in a diminished sensitivity of PBMC to TRAIL-induced apoptosis, and might explain the reduced lymphopenia observed during Paderborn infection compared to that of Eystrup.

The induction of apoptosis can be mediated via three death receptor pathways. We have shown that the regulation of two of these pathways, both IFN-dependent, is altered during CSFV infection. TNFa-TNFR1, a third pathway reported to induce death receptors-mediated apoptosis, is not IFN-dependent. Given the high levels of TNFa produced in spleen macrophages \[[@R36]\], as well as dendritic cells and serum isolated from pigs infected with highly virulent CSFV strains \[[@R13]\], the TNFa-TNFR1 pathway has been suggested to be involved in the induction of CSFV apoptosis \[[@R6]\]. Our results cast some doubts on the relationship between TNFa production and lymphopenia. No significant induction of TNFa expression was observed on D2 with the moderately virulent strain Paderborn, whereas lymphopenia was clearly evident, and a low level of TNFa in the serum was found only on D3 pi and with no significant increase of lymphopenia compared to D2. Therefore TNFa is unlikely to be involved in the induction of apoptosis during Paderborn infection, although an effect of TNFa during the Eystrup infection, which is characterized by more severe lymphopenia, cannot be excluded and may be due to a synergic apoptotic effect of both IFNa and TNFa \[[@R24]\].

In conclusion, this comparison of two strains of different virulence, to analyze the modulations of gene expression induced by CSFV infection in vivo, reveals that type I IFN is the most probable inducer of lymphocyte depletion during CSFV infection. Thus, CSFV could subvert the host's immune system, "turning the good IFN bad" as does HIV-1 in the bystander killing of non-infected lymphocytes \[[@R11]\]. This immunopathogenic mechanism also seems to be used by other leucopenic viruses, such as Dengue virus, African swine fever virus and Ebola virus but ISG induction is generally reduced in these viruses, unlike CSFV, by highly virulent strains compared to those of low virulence, suggesting that CSFV causes a variant IFN response subversion \[[@R7], [@R16], [@R46]\]. Some studies have shown that type I IFN can also induce lymphopenia by modifying the distribution of lymphocytes either by promoting their retention in lymphoid organs \[[@R38]\], or by increasing their adhesion and egress from the blood vessels \[[@R15]\]. Our microarray results do not rule out a possible involvement of additional processes, other than apoptosis, in CSFV-induced lymphopenia.
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